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Models of crystal growth have been defined by comparing macro­
scopic growth kinetics with theoretical predictions for various 
growth mechanisms!,2. The classic Burton-Cabrera-Frank (BCF) 
theory' predicts that spiral growth at screw dislocations will 
dominate near equilibrium. Although this has often been 
observed2,,, such growth is sometimes inhibited4,5, which has 
been assumed to be due to the presence of impurities6• At 
higher supersaturations, growth is commonly modelled by two­
dimensional nucleation on the pre-existing surface according to 
the 'birth and spread' model'. In general, the morphology of a 
growing crystal is determined by the rate of growth of different 
crystallographic faces, and periodic-bond-chain (PBC) theorY',9 
relates this morphology to the existence of chains of strongly 
bonded ions in the structure. Here we report tests of such models 
for the growth of barite crystals, using a combination of in situ 
observations of growth mechanisms at molecular resolution with 
the atomic force microscope10,11 and computer simulations of the 
surface attachment of growth units. We observe strongly aniso­
tropic growth of two-dimensional nuclei with morphologies 
controlled by the underlying crystal structure, as well as struc­
ture-induced self-inhibition of spiral growth. Our results reveal 
the limitations of both the BCF and PBC theories in providing a 
general description of crystal growth. 
Observations of crystal growth mechanisms were made in a fluid 
cell of a DI Multi-Mode atomic force microscope (AFM) , using 
freshly cleaved, optically clear natural barite crystals as substrates. 
The surfaces studied were (001) and (210) , the morphologically 
most important in barite12• We used X-ray diffraction to confirm the 
cleavage surfaces as (001) and (210) and to define crystallographic 
directions in the plane of the substrate. The unit cell of the barite 
structure13 (a = 8.87 Pt, b = 5.45 Pt, c = 7.15 Pt, space group Pnma) 
consists of two BaSO 4 layers parallel to (001) , each layer related by a 
21 screw diad axis parallel to c. 
The cleaved (001) surface typically shows unit -cell high cleavage 
steps, and in Fig. la the cleavage surface intersects a screw disloca­
tion line. At this point, such a cleavage step terminates. At the start 
of the experiment, deionized water was passed over the crystal, 
causing slight dissolution and the separation of the cleavage steps 
into half-steps (Fig. la). The presence of the screw dislocation 
allows spiral growth to be followed from the earliest stage and 
compared with two-dimensional nucleation. 
A few seconds after injecting slightly supersaturated BaS04 
solution, crystal growth begins. The cleavage steps migrate 
normal to their length and spiral growth begins at the dislocatlOn 
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core (Fig 1b, c). A new BaS04layer spreads away from the core to 
one side but does not continue around the spiral as in classical 
descriptions of spiral growths. Instead, the spiral becomes increas­
ingly tightly wound around the core with very little lateral growth. 
Subsequently, a small number of two-dimensional nuclei, one 
BaSO 4 layer thick (3.6 Pt), are formed on the surface. These nuclei 
are bounded by two straight edges parallel to (120) directions and a 
curved edge defining a sector shape (Fig. Id). The nuclei on each 
alternate BaSO 4 layer are oriented in opposite directions, with those 
on a newly grown layer related by a 21 diad axis to those on the 
original cleavage surface (Fig. le) . The growth of these nucleated 
islands is highly anisotropic, with growth normal to the curved 
edges being unl!e viJ'::i uf 1 n li111e; [",[.::[ tildl1(jfVdli!l1vr1l1all," [he 
straight edges. A fresh injection of more supersaturated solution 
into the fluid cell results in a higher nucleation density (Fig. If ) ,  but 
the lateral growth of the spiral remains very much slower than that 
of the two-dimensional nuclei. forming a small growth hillock. 
The microtopographic features of the nuclei and the spiral on the 
barite (001) face indicate strong structural control of the growth 
process. Observations made on {21O} cleavage surfaces of the same 
barite crystals show a very different growth morphology (Fig. 2) . On 
the (210) barite surface, the nuclei grow as long needles that are one 
molecular layer thick (3.4 Pt) along the (120) directions. The growth 
ntp is �ls() hi"hlv �ni.sntrnnic �lnn" thf' If'np'th nfthf' needles, with 
growth being � 10 times faster along the l120 J direction than in the 
oP) oslte l120] direction. Figure 3a shows the relevant crystallo­
graJ 'hic orientations on both barite surfaces. 
1l1ese observations raise important questions relating to the 
c 
\ 
} 
'� 
Figure 1 The crystal growth sequence on an (001) cleavage plane in a BaS04 two-dimensional nucleation begins (d), with a nucleation density of � 0.12 nuclei 
solution with a supersaturation value of 8(Ba2+)9(SO;- )IK�p = 12 . (Here 8 is the per f1m2 . Note the opposite orientation of the sector-shaped nuclei. f, After 85 min 
ion activity and Kcp is the solubility product) a-e, Growth sequence over 60 min. of growth, a fresh injection of solution with a supersaturation value of26 results in 
Spiral growth begins atthe dislocation core with the growth of a molecular layer of a greatly increased nucleation rate (�22 nuclei per f1m2). The image area in each 
BaS04 (thickness, 3.6A), but subsequent lateral growth around the spiral is case is 2 f1m x 2 f1m. 
restricted. After �40 min, during which fresh fluid is pumped over the sample, 
crystal growth process, none of which can be adequately addressed 
using current theories. What determines the shape of the two­
dimensional nuclei, why is their growth so anisotropic, and what 
inhibits the lateral growth of the spirals? 
The prediction of crystal growth morphology is based on the 
concept that crystal faces contain different numbers of chains of 
nearest-neighbour bonds, or PBCs (periodic bond chains)8,14. PBC 
analysis can also provide information about the surface morphol­
ogies on F-faces15, which contain two or more such PBCs and can 
grow by a layer mechanism. Both (001) and (210) are F-faces and 
PBC theory explains the layer-by-Iayer mechanism and the thick­
ness of the growth layers: half-unit cell for (001) and one unit cell for 
(210) faces9,16. In addition, needles on (210) and the straight edges of 
the sector-shaped nuclei on (001) are parallel to (120), which are 
directions of strong PBCs. However, as PBC theory was designed to 
deal with periodic systems and not with the attachment of single 
molecules at specific surface sites, it is necessary to apply molecular 
modelling techniques to explain the anisotropy of the growth along 
the PBCs and the existence of the curved edge. 
We used ionic models incorporated in Cerius2 (Molecular 
Simulations, BIOSYM) and GULP 0. Gale, Imperial College, 
London) with potentials similar to those derived in ref. 12, but 
slightly modified to model the lattice energy of barite better. All 
values for attachment energies were corrected for the hydration 
energies of the respective ions (Ba2+: 13.7 eV (ref. 17); SO�-: 9.8 eV 
derived from ref. 18). Starting the stimulation with the most 
energetically favourable nucleus of two Ba2+ and two SO�- ions 
(outlined as the small rhombohedron in Fig. 3b), we first calculated 
the attachment energies for both species at their respective lattice 
positions around the step edges of the nucleus. Attachment energies 
ofSO�- ions at positions A and B in Fig. 3b are endothermlc at +3 eV 
and +4 eV respectively, but are more favourable than attachment of 
Ba2+ to this nucleus. Allowing the SO�- ions to relax away from these 
lattice positions reduces the attachment energy, and ions from both 
A and B relax to a position close to position A with an attachment 
energy of +0.geV, clearly dem:mstrating the anisotropy of the 
attachment process. As this value is still positive, starting a new 
row along the [120] direction from A towards C is the rate-limiting 
step because the consecutlve addition of further ions is exothermic 
and growth of each row continues towards position C. The same 
analysis was carned out after continued growth of the nucleus (A', 
B', C'). ThE energies for the attachment of Ba2+ ions to positions D 
and E, after adsorbing SO�- to A', are comparable, and therefore 
growth of a new row can be started from E before the row through 
A' and D is complete. This phenomenon of growing rows with 
different lengths leads to the shape of the growth sector, which 
appears to be rounded towards the main growth direction (arrow 
labelled ex in Fig. 3a, b). In the minor growth direction ({3), the less 
Figure 2 Two-dimensional nucleation on a (210) surface of barite. The nuclei are 
needle-shaped and grow along (120) directions. The fluid supersaturation value 
was 19; image area is 1.3 f1m x 1.3 f1m. 
favourable addition of ions (and therefore a ten-fold slower growth) 
can only start at the corner position F, which keeps F angular during 
growth. 
We have also calculated that the difference in energy between 
attaching an SO�- ion to a Ba2+ ion on the (210) face in the [120] 
direction and in the [120] direction is of the order of 1 ev' This 
explains the anisotropy of the rate for needle growth in these two 
directions on the (210) plane. 
To model two-dimensional nuclei fully would inVOlve an algo­
rithm that dynamically models the statistical attachment ot lOllS and 
includes the influence of solution composition and detects m the 
b 
Figure 3 Illustration and computer simulation of crystal growth mechanisms. 
a. Diagram showing the crystallographic orientation of the two-dimensional 
nuclei on (001) and (210) surfaces. as shown in Figs 1 and 2. The lateral scales on 
each surface are greatly underestimated relative to the scale normal to the 
surface. b. Computer-simulated image of a sector-shaped. two-dimensional 
nucleus on a (001) surface. The Ba2+ positions and SO�- groups are represented 
by spheres and tetrahedra respectively. The underlying barite substrate is shown 
in smaller symbols for clarity. The most energetically favourable nucleus (small 
solid parallelogram). positions of important attachment sites (A-F) and the growth 
directions (et. (3) are indicated (see text). The microscopic growth directions along 
the dashed arrows lead to the mesoscopic growth direction et. as observed with 
AFM. In this image. all molecules outside the larger dashed parallelogram are 
allowed to relax. The positions A. A'; B. B' and so on are symmetry-equivalent in 
the bulk and define equivalent positions during growth (for example. A. A' are the 
starting positions for the growth of a new row). 
solidl9• However, the deterministic approach presented here is 
sufficient to explain the observed anisotropic shape and growth 
kinetics of the nuclei. 
The structural control and anisotropy of the growth explains the 
inhibition of spiral growth. On the (001) surface, alternate BaS04 
layers are related by a 2) screw axis so that the anisotropy and the 
shape of the nuclei are reversed in each growth layer. The growth of 
the first BaS041ayer around the dislocation (Fig. 1b-d) is restricted 
to one sector, in the 01 direction (Fig. 3a), and cannot continue 
around the spiral because of the very slow growth in the opposite fJ 
direction. In the next layer that forms around the dislocation, the 
directions 01 and fJ are reversed but the rapid growth along 01 is 
almost completely prevented by the very slow growth in the under­
lying layer in this direction. This alternation of fast and slow 
directions continues for subsequent layers and so growth around 
the screw dislocation is limited to an ever-tightening spiral (Fig. If ) .  
Only when a half-layer from a neighbouring two-dimensional 
nucleus impinges on the spiral, as in the lower left-hand edge of 
the spiral in Fig. 1 d, can the overlying layer spread laterally. 
The {001} and {21O} faces dominate the morphology of natural 
barite crystals, yet the anisotropy of the growth on these faces 
precludes spiral growth as a kinetically significant process. Only at 
higher supersaturation, when two-dimensional nucleation becomes 
a viable mechanism, can the spiral develop laterally. The anisotropy 
described here is not predicted by any crystal growth theories, 
principally because they do not take into account the actual surface 
structure and the attachment energies on specific surface sites. 
These attachment energies and hence the magnitude of the aniso­
tropy could be modified by the presence of adsorbed impurities. 
Symmetry criteria allowing anisotropy exist in many crystal struc­
tures and therefore it is likely that these results will not only be valid 
for all compounds9 having the barite structure, but also more 
generally. This mechanism of inhibition of spiral growth may 
explain the "growth-stop phenomena" described in other systems4• 
Ultimately, the macroscopic crystal morphology depends on the 
microscopic processes of adsorption of growth units on crystal faces 
and step ledges and the methods used here provide powerful tools to 
observe directly and model �hese processes. D 
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